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Abstract This paper presents the results of parametric analyses of the yielding moment (My) of Bolted
Flush Endplate Beam (BFEB) splice connections using Finite ElementModeling (FEM) tools. The connection
components weremodeled using three-dimensional brick elements, while contact between the endplates
was modeled using Coulomb friction. Materials for beam, endplate and bolts were considered to behave
non-linearly. Finite element results with three experimental and numerical studies were compared, and
all indicated good agreement, which is also briefly reviewed in this paper. Using verified FEM, fairly
large parametric studies, based on the practical configuration of BFEB connections, were carried out
to investigate the yielding moments with variations in size of beam flange, beam web, thickness of
endplate, and diameter, as well as vertical and horizontal pitch, of bolts. Finally, the investigation results
are summarized to access the prediction equations for My as functions of geometric variables of the
BFEB connections. Due to the multitude of influencing parameters, the objective parameters have been
normalized by using the prediction of theoretical models, which is established upon the component
method presented. The method for accuracy in predicting values, regarding theMy of a BFEB connection,
is also discussed.
© 2013 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Bolted connections, especially the endplate type, have in-
creased in popularity because they have the advantage of re-
quiring less supervision and shorter assembly time, as opposed
to welded joints. Although they also have a geometry that is
easy to comprehend, bolted endplates represent, in principle,
an extremely complex behavior, especially when large forces
are involved. Bolted endplate connections can be visualized as
assemblages of components (plates and bolts). Because of (a)
the large variety of connection configurations possible, (b) the
many geometrical discontinuities and associated stress con-
centrations present in bolted connections, and (c) the need to
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http://dx.doi.org/10.1016/j.scient.2012.12.026model contact interaction that leads to non-linear phenomena,
these connections exhibit an overall non-linear complex struc-
tural behavior. The connections of interest in this research are
BFEB connections. A typical BFEB connection consists of a rect-
angular steel plate of nearly the same depth as the beam depth,
and the same width as the beam width, which is fully welded
to the end of the beam. This assembly is connected to the same
fabricated beam by one or two pairs of high strength steel bolts
located near the beam tension flange, and a pair of bolts near
the beam compression flange (see Figure 1). The BFEB connec-
tions exhibit close to semi-rigid behavior, but may show rigid
characteristics when the plates are thick, where large bolts are
used [1]. Therefore, study of the yielding moment of these con-
nections is important for future applications in design practice.
Although having reliable results and high importance, experi-
mental tests are generally limited in terms of the number of ge-
ometrical andmechanical parameters studied, which obviously
would not provide comprehensive understanding of connection
performance. With the appearance of newly advanced comput-
ing technology, such as the application of FEM, nowadays, it is
possible to simulate complex caseswith awide range of various
evier B.V. Open access under CC BY-NC-ND license.
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αi, α0, α1, . . . α7 Dimensionless coefficients defined in Ta-
ble 6
ν Poisson’s ratio
εy, εp and εu Yield strain, plastic strain andultimate strain
respectively (general)
σy, σp and σu Yield stress, plastic stress andultimate stress
respectively (general)
α, αep, α
∗, β, η, λ, λn, λp and λw Dimensionless coeffici-
ents defined in Table 4
E, Ep and Et Modulus of elasticity, plasticity and work
hardening, respectively (general)
hp, bp and tp Endplate height, width and thickness, re-
spectively
As, Lbolt and dbolt Bolt net area, length and nominal diam-
eter, respectively
hb, db, bfb, tfb, twb and hwb Beam section height, depth,
flange width, flange thickness, web thickness
and web height, respectively
b Vertical distance between center of tension bolts
and centerline of beam tension flange
dw Diameter of the washer, or the width across
points of the bolt head or nut, as relevant
g Horizontal distance between center of tension
bolts in each row
leff The effective length of equivalent T -stub
My−eq1 Equivalent yielding moment of connection
My−eq2 Equivalent yielding moment of connection
My,t Theoretical yielding moment of connection
M Moment applied to connection
m Horizontal distance between center of tension
bolts and beam web effective fillet weld
meff Effective bolt distance from beam web, defined
in Eq. (10)
n Horizontal distance between center of tension
bolts and endplate edge
Pi Dimensionless size parameters
Pfi Vertical distance between tension bolts center
and near face of tension flange
z Vertical distance between center of tension bolts
and centerline of beam compression flange
Zb Beam plastic modules
parameters. However, accurate modeling of joint components,
aswell as realistic simulation of the differentmaterials involved
and the geometric non-linearity of connection characteristics,
are required in order to achieve acceptable results.
Based on available evidence [2], the first application of FEM
to investigate connections was initiated, as the application of
computers in structural engineering became evident. Appar-
ently, the first application of FEM to investigate the behavior of
bolted endplate connections was performed by Krishnamurthy
et al. [3]. In the last three decades, much research has been car-
ried out in order to investigate the behavior of steel connec-
tions, i.e. more than seventy studies were performed to study
the behavior of bolted endplates [4]. For the modeling of the
bolted connection, limited research has been done thus far.
Besides, some studies were carried out with appropriate para-
metric studies to investigate the behavior of bolted endplate
connections [5–12], which indicated the feasibility of utilizing
FEM for the development of a parametric analysis of bolted endFigure 1: Bolted flush endplate splice beam connection.
plate connections. This paper presents the results of parametric
analyses for prediction of the yielding moment of BFEB connec-
tions using FEM. The objectives of this paper are:
(I) To perform an accurate FEM in order to model the mo-
ment–rotation behavior of BFEB connections, which, in
principle, includes many complex factors, such as contact
problems, material non-linearity and bolt pre-stressing;
(II) To perform a set of parametric studies using FEM as tools
and to carry out an appropriate working procedure to de-
termine the yielding moment of BFEB joints;
(III) To assess innovative parametric functions in terms of con-
nection geometric variables, based upon combining the
component method and FEM results for predicting yield-
ing moments;
(IV) To verify the presented parametric function by applying it
to some cases and comparing the predicted yielding mo-
ments with those obtained from FEM.
2. Connection model
The analysis of this paper was conducted using SUT_DAM,
a non-linear finite element program developed at Sharif
University of Technology in Tehran, Iran. The behavior of BFEB
connections of the type shown in Figure 1 is three dimensional
in nature. Such behavior is highly non-linear, involving complex
phenomena, such as material plasticity, second-order effects,
and contact boundary conditions. In the following sections, the
procedure for the implementation of FEM for the analysis of
BFEB connections is described.
2.1. Finite element modeling
In order to develop a suitable mesh arrangement, several
trial models were derived at the beginning of the research.
Models with different elements that have been employed in
past studies in shell and solid types, as well as fewer element
models, were examined. Finally, the optimal solution, which
balances the need for a fine mesh to give an accurate result and
reasonable analysis time, has been determined through initial
trial models. Then, upon these models, the final configuration
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model, all components of the connection, including beam,
endplate, bolt head andbolt shank, aremodeled using 20-noded
hexahedral solid isoparametric elements. This is widely known
as the ‘brick element’. Each node has 3 degrees of freedom.
The element has a full integral point number, i.e. 14 Gauss
points. Based on different references [4–7], large displacement
and large strain features should be used in the analysis to
adequately simulate the connection behavior in ultimate states,
and the membrane effects that were expected for the thin
connecting elements, such as thin endplates. However, it is
possible that the zones of connection components subjected
to large deformations or large strains are rather limited [4]. In
this study, large displacement and large strain features were
also used in the analysis to adequately simulate the connection
components behavior in ultimate states that were expected for
this type of connection, with great geometrical non-linearity.
The iteration procedure is based on the full Newton–Raphson
iteration method; an iterative process of solving the non-linear
equations, which is performed within each increment in order
to achieve a quadratic convergence.
2.2. Boundary conditions and applied loads
Due to a plane of symmetry existing along a section through
the beam web, one-half of the connections, including beam
and endplate, were modeled to reduce the computational cost.
Therefore, symmetric displacement boundary conditions are
defined for the nodes along a plane passing through the mid-
thickness of beamwebs and themid-width of the endplate. The
symmetry plane between the two endplates is then modeled
by contact elements on a rigid foundation. The complex
interactions between the surfaces of the flush endplate and
its rigid foundation were modeled with the surface-to-surface
contact and target elements, where they pair together in such
a way that no penetration occurs during the loading process.
The interface is also closed with an appropriate augmented
Lagrange multiplier technique to enforce the contact. Besides,
to also allow finite sliding interaction between a deformable
and a rigid body, the nodes on the rigid base are fully restrained.
Furthermore, to consider frictional forces, Coulomb’s coefficient
is assumed as 0.3, which is proposed in the literature for class
‘‘A’’ type steel surfaces [2]. The bottom surface bolt nodes are
fixed in the shank axial direction. In this paper, similar to the
earlier FEM studies of bolted connections, such as Abolmaali
et al. [7], Fu et al. [8] and Al-Jabria et al. [9], pretension effects
in the bolts were simulated using the bolt pretension element
that acts as a connecting element to connect the two imaginary
parts of the bolt shank. Loading was applied in two steps. In
the first loading step, bolt pre-loading was implemented in 3D
FEM. In the second loading step, due to generating a bending
moment at the connection, the loads were applied by imposing
an incremental concentrated point load, in amonotonic fashion,
on the cantilever beam tip during the analysis. To prevent
local yielding, rigid solid elements are used at the beam tip.
Because the governing load was the bending moment, the span
of the cantilever beam is considered equal to the fifth depth
of the beam section, which is exactly sufficient to idealize the
behavior.
2.3. Steel components material properties
For a good correlationwith experimental results, a full actual
stress–strain relationship of materials must be adopted in the
large displacement and large strain numerical simulation [2]. InFigure 2: Idealized quadrilinear for steel used in the FEM analysis for: (a)
Endplate and beam (b) High strength bolts.
the current study, the mechanical properties of beam, endplate
and bolt materials are taken from the numerical study of
Mohamadi [10]. The four typical regions of the stress–strain
curve of a low carbon structural steel, such as S235, are very
clear: linear elastic region, yield plateau, strain hardening
region and strain softening, as depicted in Figure 2. Therefore,
the stress–strain relationship for all elements of the connection,
except bolts, is taken as elastic-strain hardening for S235,which
is modeled by means of a quadrilinear relationship. The yield
and ultimate stresses of these component models are assumed
to have the respective values of 235 MPa and 350 MPa. The
strain at plastic and ultimate points are defined as 11ey and
121ey, respectively. The tangential stiffness beyond the yield
and plastic points are defined as 0.2% and 0.5% of the initial
modulus of elasticity, respectively.
For grade 8.8 high strength bolt material, including shank
and head, based on nominal properties of grade 8.8 bolts, a
quadrilinear relationship with ep = 3ey, eu = 8ey, σy =
630 MPa and σu = 800 MPa, is considered [2]. For both
models, a rate and temperature independent plasticity lawwith
hardening was used for the connection components. According
to BS 5950, the value of Young’s modulus and the Poisson
ratio of the steel are determined equal to 206 GPa and 0.3,
respectively. In addition, to obtain the response of themodeling
in the inelastic region, the VonMises yield criteria, coupledwith
an isotropic work hardening assumption, were utilized for the
beam, flush endplate, and bolt materials. Failure occurs when
the ratio of Von-Mises strain to ultimate strain exceeds 1.01 in
any Gauss point of the mesh.
3. Validation of the 3D FEM
In order to evaluate the accuracy of the delivered 3D FEM,
fourteen finite elementmodels are created according to the test
data of three different experimental programs and numerical
studies, and the delivered 3D FEM results are compared with
the tests results. First, onemodel is created according to the ex-
perimental program reported by Urbonas [13], which was con-
ducted on a BFEB connection. Second, two models are created
according to experimental data generated by Broderick [14],
which were conducted on beam-to-column flush endplate con-
nections. The utilized column section was 203× 203× 86 UC.
Moreover, the six numerical results from the Abolmaali [7] 3D
FEM study are also used for comparison with the delivered 3D
FEM results. In addition, the three experimental data reported
by Abolmaali [7] are utilized for comparison. Lastly, twomodels
of beam-to-column flush endplate connections are created, ac-
cording to experimental data generated by Girao Coelho [15].
The column section of both tests was HE300M. Details of all
specimens are demonstrated in Table 1. To demonstrate the
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ID. no. Beam section Endplate configuration Bolt properties Ref.
hb
(mm)
bfb
(mm)
tfb
(mm)
twb
(mm)
σy
(MPa)
σu
(MPa)
hp
(mm)
bp
(mm)
tp
(mm)
g
(mm)
b
(mm)
σy
(MPa)
σu
(MPa)
dbolt
(mm)
σybolt
(MPa)
σuBolt
(MPa)
1 330 160 11.5 7.5 235 370 350 180 20 100 54.25 235 370 24 900 1000 [13]
2 256 146.4 10.9 6.4 235 370 275 200 12 90 54.45 235 370 20 640 800 [14]
3 256 146.4 10.9 6.4 235 370 275 200 20 90 54.45 235 370 16 640 800 [14]
4 610 127.0 9.50 4.8 248 350 609.6 127.0 12.7 69.9 39.7 248 350 19.05 558.9 641.7 [7]
5 610 177.8 9.50 4.8 248 350 609.6 177.8 12.7 69.9 39.7 248 350 25.4 558.9 641.7 [7]
6 610 177.8 9.50 4.8 248 350 609.6 177.8 12.7 69.9 23.8 248 350 19.05 558.9 641.7 [7]
7 610 177.8 9.50 4.8 248 350 609.6 177.8 12.7 69.9 58.7 248 350 19.05 558.9 641.7 [7]
8 610 177.8 9.50 2.5 248 350 609.6 177.8 12.7 69.9 39.7 248 350 19.05 558.9 641.7 [7]
9 610 177.8 9.50 4.8 345 480 609.6 177.8 7.9 69.9 39.7 345 480 19.05 558.9 641.7 [7]
10 254 127.0 8.50 4.0 249 380 304.8 127.0 12.7 76.2 27.5 249 380 15.88 640 800 [7]
11 406 152.4 14.0 8.0 249 380 456.2 152.4 10.0 69.9 28.0 249 380 15.88 640 800 [7]
12 610 152.4 20.0 10 249 380 660.4 152.4 12.7 82.6 35.0 249 380 19.05 640 800 [7]
13 310 300.0 15.5 9.0 355 480 360 300 10.1 150 67.25 698 749 24 1290 1413 [15]
14 310 300.0 15.5 9.0 355 480 360 300 14.7 150 67.25 774 814 24 1290 1413 [15]Figure 3: Comparison of delivered 3D FEM result with results presented by [7].reliability of the delivered 3D FEM, reference data, along with
founded results for four specimens, in terms of appliedmoment
versus rotation, are depicted in Figure 3. In addition, appropri-
ate predictions of Eurocode 3 [16] and Abolmaali [11] for these
specimens are depicted in Figure 3. It can be seen, obviously,
that the achieved numerical results provided satisfactory agree-
ment with the reference data. Besides, to validate the precision
of the delivered 3D FEM in predicting the yielding moment, the
actual values of the yielding moment resulted from reference
data and the results of delivered 3D FEM are summarized in Ta-
ble 2. The ratio between 3D FEM results and actual value is also
computed in Table 2. Comparison of the delivered 3D FEM re-
sults, along with reference results, indicates that the model can
accurately evaluate the yielding moment of the connection, as
in the simulation where the fine mesh was used. The obtainedcurves are reliable in the elastic, as well as yielding, domain. In
the plastic domain, when strain hardening is present, the mod-
eling result is slightly different to the reference data. This is due
to the strain hardening region of the connection components.
And the stress–strain curve in the proposedmodeling is consid-
ered the idealized behavior of S235 steel, which is not the same
as that considered by Abolmaali [7]. However, there is a slight
difference between the modeling moment–rotation curve and
the test results, where the derived 3D FEM suitably does predict
the yielding moment.
4. Selection of variable parameters for modeling
The range of input variables for a parametric study is very
crucial. In this study, it was decided to consider complete
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moment with actual value.
ID. no. Yielding moment (kN m)
Actual value 3D FEM
My My Ratio
1 109.15 108.14 0.99
2 52.41 48.66 0.93
3 43.62 41.88 0.96
4 151.30 145.88 0.96
5 215.31 211.42 0.98
6 171.66 160.11 0.93
7 151.90 147.36 0.97
8 155.39 146.06 0.94
9 158.15 146.98 0.93
10 47.00 47.47 1.01
11 73.11 72.71 0.99
12 149.56 151.22 1.01
13 107.85 106.56 0.99
14 190.73 175.61 0.92
practical ranges for all geometric variables. To this end, based
on common practical details, the following ranges for primary
geometrical parameters are adopted:
1. Sixteen values of beam web height, hwb, were selected as
140, 150, 160, 170, 180, 200, 220, 240, 260, 280, 300, 350,
400, 450 and 500 mm;
2. Fifteen values of beam flange width, bfb, were selected as 75,
80, 85, 90, 95, 100, 120, 140, 160, 200, 240, 280, 320, 360 and
400 mm;
3. Ten values of beam flange thickness, tfb, were selected as 6,
8, 10, 12, 15, 18, 20, 22, 25 and 30 mm;
4. Ten values of beamweb thickness, twb, were selected as 4, 5,
6, 8, 10, 12, 15, 18, 20 and 22 mm;
5. Ten values of flush endplate thickness, tp, were selected as 6,
8, 10, 12, 15, 18, 20, 22, 25 and 30 mm;
6. Ten values of bolt nominal diameter, dbolt, were selected as
8, 10, 12, 16, 18, 20, 22, 24, 30 and 36 mm;
7. Twelve values of distance between the center of the tension
bolts from the beam tension flange, pfi, were selected as 30,
35, 40, 50, 60, 70, 80, 90, 100, 110, 120 and 130 mm;
8. Thirteen values of horizontal distance between the center of
tension bolts in each row, g , were selected as 55, 60, 65, 70,
75, 80, 100, 120, 140, 160, 180, 200 and 220 mm.
Moreover, based on steel structure handbooks,manuals and the
results of an industrial survey, the following assumptions for
BFEB configuration have been considered:
I. Flush endplate height, hp, is taken as hb + he, where he is
taken as the largest amount of 30 mm, 2tp and bpt2p/4bfbtfb;
II. Flush endplatewidth, bp, is taken as bfb+be, where be is taken
as the larger amount of 30 mm and 2tp.
Consequently, an initial domain of all possible combinations
corresponding to the eight primary variables would have in-
cluded 16×15×104×12×13 = 374.4×106 members. How-
ever; a considerable number of them are really not executable.
To select the practical combinations from this immensedomain,
some geometrical limitations, according to Table 3, are consid-
ered. Someof these applied limitations are selected according to
the geometrics of common I-section beams. Other implemented
limitations are recommendations of common steel structure
design handbooks and standard specifications for the design,
detailing, fabrication and quality criteria of bolted connection.
After the aforementioned limitations for connection configura-
tion are applied, 468 numerical nonlinear 3D FEM are accom-
plished. Therefore, comprehensive information on BFEB splice
connection behavior, including values of ultimate moment and
ultimate rotation, for each case, is obtained.5. Regression analyses of the results
5.1. Mathematical formulation
The power function is one of the most common methodolo-
gies in evaluating an objective parameter versus other primary
size parameters. In other words, the various primary size pa-
rameters are lumped to form the objective constant parameter,
P , in the following mathematical form:
P = Πipαii , (1)
where pi are the size parameters and αi are dimensionless
exponent parameters, obtained by applying logarithmic linear
regression analyses to the above equation.
To evaluate the yielding moment of the BFEB connection as
the objective parameter, it is necessary to prescribe a set of
size parameters, and then analyze the relations between this
particular set along with the objective parameter. Based on ex-
perience and the literature [10], the primary geometric inde-
pendent variables for the BFEB connection were identified as
follows: db, bp, tfb, twb, tp, dbolt, b and m, where all these geo-
metric variables are depicted in Figure 1, as well as being de-
fined in Nomenclature.
Moreover, in multifaceted problems, it is possible that the
power function cannot adequately give a good curve fitting to
objective results. Mohamadi [10] resulted that the best curve
fitting would be obtained if the objective parameter were nor-
malized by using proper values. This value can be the prediction
of theoretical models for the objective value. Consequently, the
yielding moment can be obtained as the following:
My−eq1 = My,t ×Πipαii , (2)
where My,t is the theoretical yielding moment of the connec-
tion, which is expressed in Table 4. To provide more simple re-
lationships, previous equations can be rewritten as [2]:
My−eq2 =
1.83λ0.3n λ
−0.2
p t
2
pσy + λnd2boltσubolt
(1+ λn)
z ×Πipαii .
(3)
To obtain a dimensionless equation, which does not depend on
size parameter units, combinations of independent dimension-
less parameters, called ‘‘Pi terms’’, were used in the conducted
parametric study. The implemented Pi terms, their definitions,
extreme values and statistical properties were calculated and
are listed in Table 5. To determine αi, taking logarithms of both
sides of Eq. (1), the equation can be expressed in linear form as:
Ln (P) =

i
αiLn (pi) . (4)
Therefore, linear regression analysis is applied to the above
equation in order to obtain the exponent parameters, αi. To this
purpose, using themethodof least squares, the best straight line
that fits the reference data could be calculated. The precision of
this line depends on the degree of reference data scattering. For
each object parameter, the R-squared value is calculated. The
larger the value of the R-squared is, is an indicator of how well
the equation resulting from the regression analysis explains the
relationship between the variables. At the same time, to demon-
strate the reliability of each achieved equation, the sensitivity
and the error band analyses were appropriately conducted.
As a result, for each of the aforementioned objective pa-
rameters, regression equations in the shape of dimensionless
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Basic variable Relevant condition
bfb: 0.10 ≤ bfb/db ≤ 0.65 These limitations are selected based upon the geometric of common standard
rolled section and conventional plate girder section;tfb: 0.031 ≤ tfb/bfb ≤ 0.111twb: 0.031 ≤ twb/tfb ≤ 0.67 and 0.031 ≤ twb/hwb
g: twb + 2dbolt + 30 mm ≤ g
These limitation are recommended by steel structures design handbooks and
standards;
Pfi: dbolt + 20 mm ≤ Pfi
bp: 1.5dbolt ≤ (bp − g)/2
hwb: 1.5dbolt ≤ hwb/2− Pfi
tp: 0.71 ≤ 2.5tp√z/Zb ≤ 2 It is considered that the ratio of design moment resistance of joint to beam
ultimate moment is varied between 50% and 400%;
dbolt: 1.17 ≤ dbolt/tp ≤ 1.96 It is considered that 78% ≤ dbolt/dbolt−req ≤ 130%.a
a To have adequate rotation capacity, the endplate bending failure must be formed before tension bolt failure, therefore, the value of dbolt−req must be greater
than 10.36

Fyp/Fub × tp .Table 4: Analytical relationship of yielding moment for BFEB connection.
Yielding moment:
My,t =

0.41zm∗e/η if β ≤
λnη
1+ λn − 0.5η
0.41zm∗e (0.5+ λn/β)/(1+ λn) if
λnη
1+ λn − 0.5η < β < 2
0.41zm∗e/β if 2 ≤ β
where:
β = 0.5m∗e
σuboltAbolt
, η = 8λn−(1+λn)λw8λn−0.5λw ,m∗e = 1.64αept2pσy
Relevant parameters:
λn = nm ≤ 1.25, λw = dwm , λp = Pfim , λ = Pfim+n
αep = Min(2π, α, α∗)
α must satisfy 1.25
α−4 = λn

1− e−2(α−2.75)λ2

α∗ =

0.5

λp +

1/λ
2
if λp ≤

1+ λn
4

1+ λp if λp >

1+ λnTable 5: Description of Pi terms and their statistical in parametric study.
Pi
terms
Definition Minimum Average Maximum Standard
deviation
Pi,min Pi,avg Pi,max Pi,σ
P1 b/db 0.15 0.25 0.37 0.053
P2 m/db 0.11 0.16 0.21 0.021
P3 bp/db 0.56 0.68 0.81 0.049
P4 tp/db 0.057 0.067 0.086 0.0066
P5 tfb/db 0.048 0.053 0.064 0.0044
P6 twb/db 0.029 0.043 0.033 0.0023
P7 dbolt/db 0.070 0.103 0.084 0.0087
power functions were accurately developed. This is performed
in terms of the aforementioned eight independent geometric
variables of the connection region, as shown below:
My−eq1 = My,t × dα0b bα1mα2bα3p tα4p tα5fb tα6wb
× dα7boltEXP (α8) , (5)
My−eq2 = zdα0b bα1mα2bα3p tα4p tα5fb tα6wbdα7bolt
× 1.83λ
0.3
n λ
−0.2
p t
2
pσy + λnd2boltσubolt
(1+ λn)EXP (−α8) . (6)
The power of the presented equations to predict the yielding
moment of BFEB connections corresponding to Eqs. (5) and (6)
is illustrated in Figure 4(a) and (b), respectively. The R-squared
values for the results of predicting the yieldingmoment in these
regression analyses were 0.997 and 0.996, respectively. Obvi-
ously, this value emphasizes that the prediction of the pre-
sented function is very good.5.2. Modified objective parameters
Based on experience and the literature [2,3,10], it was men-
tioned that the effect of bolts heads can be considerable.
For evaluating the design resistance of the equivalent T -stub,
Erocode3 suggests two equations in order to calculate the
connection bending resistance corresponding to the complete
yielding of flanges, as described below:
FT ,1,RD = 4m ·Mpl,1,Rd, (7)
FT ,1,RD = (32n− 2dw)8mn− (m+ n)dw ·Mpl,1,Rd, (8)
where FT ,1,RD and Mpl,1,Rd are the design tension resistance of
a T -stub flange and the yielding moment of the endplate or
T -stub flange. In the secondmethod, the effect of bolt head, nut
or washer is appropriately considered. Using meff instead of m
in Eq. (7), followed by equating Eqs. (7) and (8),meff can be com-
puted as:
meff = m−
dw
8
m+n
n
1− dw16n
. (9)
It should be noted that the expression of dw16n is close to
zero. Therefore, it can be dropped from the above equation.
Moreover, the following relationship is obtained for the
effective bolt distance,meff:
meff = m− dw8
bp − twb
bp − g . (10)
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Figure 4: Comparison of 3D FEM and fitted power model.Table 6: Curve fitting exponents parameters.
Curve fitting equation Exponents parameters
α0 α1 α2 α3 α4 α5 α6 α7 α8
My−eq1 0.277 0.006 −0.002 −0.079 −1.510 0.194 0.282 0.832 0.403
My−eq2 0.261 0.052 0.207 −0.319 0.085 0.224 0.301 −0.811 0.729
M∗y−eq1 0.287 0.004 −0.094 0.049 −1.517 0.173 0.277 0.820 0.107
M∗y−eq2 0.291 0.044 −0.064 −0.006 0.105 0.159 0.292 −0.821 0.074Table 7: Summary of statistical analyses on the ratio of the results of various methods to 3D FEM results.
Curve fitting equation Exponents parameters
µ σ σ 2 Ssd Adm Rp R2
My−eq1 1.0137 0.0704 0.0050 2.3181 0.0450 0.9983 0.9966
My−eq2 1.0138 0.0729 0.0053 2.4879 0.0471 0.9982 0.9964
M∗y−eq1 1.0137 0.0710 0.0050 2.3560 0.0455 0.9984 0.9969
M∗y−eq2 1.0138 0.0726 0.0053 2.4678 0.0469 0.9983 0.9967Preliminary comparisons of calculated results determined that
using effective bolt distance in place of the actual bolt distance
from the beam web has partially improved results. Using meff
instead of m in all Eqs. (5) and (6), the new dimensionless
exponent parameters, αi, are recalculated using amathematical
regression analysis similar to that described in the previous
section. The renewed exponent parameters are listed in Table 6.
Also, the sign of ‘‘∗’’ is implemented to fulfill this modification,
appropriately; i.e.M∗y−eq1 andM
∗
y−eq2.
To investigate the accuracy of the proposed formulations
in the prediction of each objective parameter, the ratios of
the results predicted from each presented relationship to the
appropriate results of the delivered 3D FEM are calculated.
Then, extensive statistical analyses have been carried out
on all the calculated ratios. The results of the analyses are
summarized in Table 7, which include the following statistical
parameters:
a. The average, arithmetic mean of the arguments, µ;
b. The standard deviation based on the entire population, σ ,
which is a measure of howwidely values are dispersed from
the average value;
c. The variance based on the entire population, σ 2;
d. The sum of squares of deviations, Ssd;
e. The average of the absolute deviations of data points from
their mean, Adm;f. The Pearson product moment correlation coefficient, Rp, a
dimensionless index that ranges from −1.0 to 1.0 inclusive
and which reflects the extent of the linear relationship
between the two data sets;
g. The square of the Pearson product moment correlation
coefficient through data points, R2. The r-squared value
can be interpreted as the proportion of the variance in y
attributable to the variance in x.
6. Summary and conclusion
The moment–rotation behavior of BFEB connections is sat-
isfactorily simulated through complete 3D FEM, developing
a robust three-dimensional model using solid elements that
encompass material and geometrical non-linearities, contact
friction phenomenon and pretension bolts. The model pro-
vided qualitative and quantitative understanding about themo-
ment–rotation behavior of the BFEB connection. The presented
model was verified for four different experimental and nu-
merical studies in the literature. And the delivered 3D FEM
results compare with references data in terms of both mo-
ment–rotation curves and yielding moment values. Hence, it
can be concluded that the delivered 3D FEM can reliably repre-
sent all the main features of the moment–rotation behavior of
BFEB connections. Moreover, it is found to be an accurate and
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a method of generating results. A practical collection of enor-
mous different BFEB connection is selected. Then, the FEM was
derived for all of them in order to earn the yielding moment of
the connection. Also, regression equations were implemented
in order to obtain the prediction function for yielding the mo-
ment of BFEB connections. It was revealed that the yielding
moment is closely predicted by the proposed relationships.
Comparisons of the results in Figure 4 strongly indicate an
admirable agreement between FEMs data and the proposed
relationship results. Substitution of the values of material char-
acteristic parameters and the geometrical parameters of the
connection in the proposed formulas lead to calculation of the
yielding moment of BFEB connections. Furthermore, the statis-
tical analyses have been generated based on the proportion of
predicted results relevant to the 3D FEM outcomes for all cases.
This exhibits the yielding moment of connection to be satisfac-
torily simulated through the proposed formulas.
References
[1] Riahi, A. and Curran, J.H. ‘‘Comparison of the cosserat continuum approach
with the finite element interface models in the simulation of layered
materials’’, Sci. Iran., 17(1), pp. 39–52 (2010).
[2] Mohamadi-Shooreh, M.R. ‘‘Moment–rotation behavior of bolted endplate
connection’’, Ph.D. Thesis, Sharif Univ. of Tech., Tehran, Iran (2008).
[3] Krishnamurthy, N. and Graddy, D.E. ‘‘Correlation between 2- and 3-
dimensional finite element analyses of steel bolted endplate connections’’,
Comput. Struct., 6, pp. 381–389 (1976).
[4] Mohamadi-Shooreh, M.R., Mofid, M. and McCabe, S.L. ‘‘Empirical model
of the moment–rotation curve of beam-to-beam bolted flush endplate
connections’’, J. Struct. Eng. ASCE, 139(1), pp. 1–7 (2013).
[5] Mohamadi-Shooreh, M.R. and Mofid, M. ‘‘Basic issues in the analytical
simulation of unstiffened extended endplate connection’’, Sci. Iran., 11(4),
pp. 302–311 (2004).
[6] Maggi, Y.I., Gonçalves, R.M., Leon, R.T. and Ribeiro, L.F.L. ‘‘Parametric
analysis of steel bolted endplate connections using finite element
modeling’’, J. Constr. Steel Res., 61, pp. 689–708 (2005).
[7] Abolmaali, A., Matthysa, J.H., Farooqib, M. and Choic, Y. ‘‘Development
of moment–rotation model equations for flush endplate connections’’,
J. Constr. Steel Res., 61, pp. 1595–1612 (2005).[8] Fu, F., Lam, D. and Ye, J.Q. ‘‘Parametric study of semi-rigid composite con-
nections with 3-D finite element approach’’, Eng. Struct., 29, pp. 888–898
(2007).
[9] Al-Jabria, K.S., Seibib, A. and Karrechc, A. ‘‘Modelling of unstiffened flush
endplate bolted connections in fire’’, J. Constr. Steel Res., 62, pp. 151–159
(2006).
[10] Mohamadi-Shooreh,M.R. andMofid,M. ‘‘Parametric analyses on the initial
stiffness of flush end-plate splice connections using FEM’’, J. Constr. Steel
Res., 64, pp. 1129–1141 (2008).
[11] Mofid,M.,Mohamadi-Shooreh,M.R. andMcCabe, S.L. ‘‘Analytical approach
on endplate connection: ultimate and yielding moment’’, J. Struct. Eng.
ASCE, 131(3), pp. 449–456 (2005).
[12] Mohamadi-Shooreh, M.R. and Mofid, M. ‘‘New modeling for mo-
ment–rotation behavior of bolted endplate connections’’, Sci. Iran., 18(4),
pp. 827–834 (2011).
[13] Broderick, B.M. and Thomson, A.W. ‘‘The response of flush endplate joints
under earthquake loading’’, J. Constr. Steel Res., 58, pp. 1161–1175 (2002).
[14] Urbonas, K. and Dainiunas, A. ‘‘Behavior of semi-rigid steel beam-to-
beam joints under bending and axial force’’, J. Constr. Steel Res., 62(12),
pp. 1244–1249 (2006).
[15] Girao Coelho, A.M. and Bijlaard, F.S.K. ‘‘Experimental behavior of
high strength steel endplate connections’’, J. Constr. Steel Res., 63,
pp. 1228–1240 (2007).
[16] CEN, EN 1993-1-8:2005, EC3: Design of Steel Structures, Part 1.8: Design
of Joints (May 2005).
Mohamad Reza Mohamadi-Shooreh graduated with B.S., M.S. and Ph.D.
degrees in Civil Engineering from Sharif University of Technology, Tehran, Iran,
in 2000, 2002 and 2008, respectively. At present, he is Assistant Professor
of Civil Engineering at the Islamic Azad University in Chalous, Iran. He is a
member of the Iranian Construction Engineers Organization, Iranian Inventors
Association and several other professional institutions. His research interests
include structural and earthquake engineering with a special focus on the
design of steel structures, and development of a new seismic analysis of steel
frames, focusing on the behavior of semi-rigid connections.
Massood Mofid is Professor of Structural and Earthquake Engineering at
Sharif University of Technology, Tehran, Iran, where he teaches basic and
advanced engineering courses in the field of structural mechanics and
earthquake engineering. His research interests include: engineering mechanics
and structural dynamics, application and implementation of finite element
techniques in static anddynamic problemswith emphasis on theory anddesign.
